Skutterudites, such as CoSb 3 , are a promising class of thermoelectric materials, particularly when the voids in the crystal structure are filled with guest atoms. We report a comprehensive study of the effects of filling skutterudites with misch-metal ͑Mm͒, a rare-earth alloy having the naturally occurring La, Ce, Pr, and Nd composition. Our power diffraction experiments show that Mm filling causes a larger expansion and an unusual distortion of the CoSb 3 lattice compared with single-element-filled skutterudites. We probed the response of crystal lattice, electronic structure, and carrier and phonon scattering mechanisms to Mm filling using neutron powder diffraction, Hall effect, electrical resistivity, thermopower, and thermal conductivity measurements between 2 and 300 K on a series of Mm y Fe 4−x Co x Sb 12 samples. The thermoelectric properties of these Mm-filled skutterudites in this low temperature range are comparable to those of pure Ce-filled skutterudites despite the anomalous lattice expansion and distortion. We expect that these materials will have high thermoelectric figures of merit at elevated temperatures.
I. INTRODUCTION
Materials with the skutterudite structure exhibit a rich spectrum of physical behavior. This includes superconductivity, heavy fermions, magnetic ordering, hybridization gaps, non-Fermi-liquid behavior, quantum critical points, and electron-crystal-phonon-glass behavior. [1] [2] [3] In addition, filled skutterudites are technologically important because of their potential advanced thermoelectric applications for power generation. 4 The intrinsic thermoelectric performance of a material is characterized by its dimensionless figure of merit, ZT = S 2 T / = S 2 T / ͓͑ L + e ͔͒, where T, S, , L , e , are the absolute temperature, thermopower, total thermal conductivity, lattice thermal conductivity, electronic thermal conductivity, and electrical resistivity, respectively. The energy conversion efficiency of a thermoelectric power generator and the coefficient of performance of a thermoelectric cooler both increase with increasing ZT of the thermoelectric material. Therefore, a good thermoelectric material should have low , low , and large S. The binary skutterudite compound CoSb 3 crystallizes in an Im3 body-centered cubic structure. It is a narrow gap semiconductor with large thermopower and relatively low electrical resistance. Its thermal conductivity, however, is about 10 times higher than that of the state-of-the-art material, Bi 2 Te 3 , near room temperature. By filling the large interstitial voids at the 2a positions of the skutterudite crystal structure with rare earths, alkaline earths, or other guest atoms, the lattice thermal conductivity is drastically depressed, leading to much improved thermoelectric properties of filled skutterudites at temperatures between 600 and 800 K. [1] [2] [3] Void filling not only decreases the lattice thermal conductivity, but also plays an important role in altering the carrier concentration, carrier scattering mechanism, and hence, the electronic properties of these materials. Furthermore, as the filling fraction increases, the skutterudite crystal structure undergoes lattice expansion and distortion. Many structural changes in skutterudites can be correlated with physical properties, and are vital input for theoretical modeling, such as the ab initio calculations. Misch-metal ͑Mm͒ is an alloy of rare-earth elements in their naturally occurring proportions. It is an intermediate product in the preparation of all high-purity rare-earth elements. A typical Mm composition includes predominantly Ce, La, Pr, and Nd. Most of the previous studies of filled skutterudites have been carried out using only single-element filling with a few exceptions; 1, 5 recently, filled skutterudite samples were prepared using Mm, 6 but only room tempera-ture thermopower data were reported. The influence of Mm filling on structural, electrical, and thermal transport properties of skutterudite CoSb 3 and their temperature dependences has not yet be determined and therefore is the focus of this paper.
II. EXPERIMENTAL TECHNIQUES
Four polycrystalline Mm y Fe 4−x Co x Sb 12 samples were synthesized from high-purity Fe, Co, and Sb. The Mm used has 52.9, 23.5, 17.4, 6.0, 0.1, and 0.1 wt % of Ce, La, Nd, Pr, Si, and Fe, respectively, as determined by electron probe microanalysis ͑EPMA͒ and wet etching chemical analysis. The samples in this study were made by a combination of arc melting, induction melting, and annealing. Stoichiometric amounts of Mm, Fe, and Co were arc melted in a Zr-gettered argon arc furnace to form Mm-Fe-Co ingots. The ingots were then loaded with the appropriate Sb amounts into boron nitride crucibles and induction melted at approximately 1350°C for 1 m under argon to form Mm y Fe 4−x Co x Sb 12 . The samples were crushed into powders and cold-pressed at room temperature into pellets. The pellets were then annealed at 700°C for 1 week in sealed quartz tubes under argon. Finally, all annealed samples were crushed into powders again and then hot-pressed at 600°C and 400 MPa under vacuum into high-density samples. X-ray powder diffraction was performed on a Philips diffractometer using Cu K␣ radiation, and lattice parameters were refined using the Rietveld method. Chemical compositions were determined by EPMA averaged over 12 randomly selected locations.
Two additional 10 g samples were synthesized using the same synthesis method ͑without hot pressing͒ for neutron powder diffraction measurements which were carried out in the temperature range from 10 to 300 K. X-ray powder diffraction was also performed for these two samples on a PANalytical X'Pert Pro multipurpose diffractometer ͑MPD͒ using Cu K␣ radiation, and lattice parameters were refined using the Rietveld method. Rietveld refinements were performed using the EXPGUI graphical user interface 7 for the General Structure Analysis System ͑GSAS͒. 8 Data were collected at the NIST Center for Neutron Research ͑NRCN͒ on the BT-1 high-resolution powder diffractometer. The instrument has 32 3 He-filled detectors and was configured with a Cu ͑311͒ monochromator using a take-off angle of 90°, resulting in a wavelength of 1.5403 Å. The powder samples were contained in V cans that were placed in closed-cycle He refrigerators with two temperature sensors, one to control the temperature, and another one located at a different position for comparison. Data were collected on both samples at 10, 50, 100, 150, 200, 250, and 300 K. The data were analyzed using the Rietveld method using the neutron scattering lengths reported by Sears 9 for lanthanides, Fe, Co, and Sb. Electrical resistivity ͑͒, thermopower ͑S͒, and thermal conductivity ͑͒ measurements were made in a Quantum Design physical property measurement system ͑PPMS͒ between 2 and 300 K on 3 ϫ 3 ϫ 10 mm 3 samples cut by a diamond saw. These measurements were done in a four-probe configuration using the continuous mode of PPMS. The accuracy of our PPMS , S, and data are 15%, 5%, and 10%, respectively. The Hall effect and electrical resistivity were measured using a Linear Research ac bridge with 16 Hz excitation in a superconducting magnet cryostat capable of fields up to 5 T on 0.5ϫ 1.5ϫ 5.5 mm 3 samples cut from the same ingots. For Hall effect measurements, data were collected in both positive and negative fields to eliminate any electrical contact misalignment effects. The accuracy of and carrier concentration p data is estimated to be 5% and 10%, respectively, in the cryostat measurements.
III. RESULTS AND DISCUSSION

A. Chemical and structural properties
Our EPMA results show that all samples are close to phase pure with the exception of trace amounts of Sb, FeSb 2 and MmSb 2 ͑Յ1 vol %͒. The relative concentrations of rare earths in Mm-filled samples are the same as those in the starting Mm alloy. Figure 1 shows a backscattered electron image of Mm 0.55 Fe 2.44 Co 1.56 Sb 11.96 with the dark region being a secondary phase. Table I The actual Mm filling fractions ͑y͒ in all samples are less than the corresponding nominal values due to Mm vapor losses during arc melting and induction melting. In the case of the two samples made for neutron diffraction, additional Mm was added to the starting materials and resulted in larger y values, closer to the nominal composition. Room temperature lattice parameters are plotted in Fig. 2 versus y. The lattice parameter in CoSb 3 increases not only by increasing rare-earth filling ͑y͒, but also replacing Co with Fe. The lattice parameter difference between the two samples with y = 0.82 ͑but with different x values͒ can be accounted for, within the acceptable standard errors, if we use the same rate of lattice parameter increase as a function of increasing Fe concentration observed for Co 1−x Fe x Sb 3 .
11 These results indicate that Mm filling expands the skutterudite lattice more rapidly than La and Ce filling does at the same filling fraction. This is surprising because one would expect the lattice parameters of Mm-filled skutterudites to be linear combinations of those of Ce-, La-, Nd-, and Pr-filled skutterudites, and not to exceed those of La-filled skutterudites ͑the largest͒, 12 with the same filling fractions. In addition, we observe that the y coordinate of Sb in these Mm-filled skutterudites ͑see Table II͒ behaves differently than the general trend suggested by Chakoumakos and Sales 13 for single-rareearth-filled skutterudites. The latter have nearly square Sb rings ͑y + z Ϸ 1/2͒ in the crystal structure near 100% filling fraction, whereas the Mm-filled samples have slightly rectangular Sb rings ͑3% distortion͒. We do not know the exact mechanism that causes the unusually large cell volume and lattice distortion, but speculate that it arises from the additional lattice strain induced by the mixture of rare earths with different sizes and bonding schemes with their neighboring atoms.
The inset in Fig. 2 shows the temperature dependence of the lattice parameter of Mm 0.82 Fe 3.51 Co 0.49 Sb 11.99 and Mm 0.88 Fe 4 Sb 12.06 between 10 and 300 K determined from neutron diffraction data. The lattice parameters of these two samples increase by 0.26% and 0.30%, respectively, upon heating from 10 to 300 K, and the linear thermal expansion coefficients at room temperature are 1.135ϫ 10 −5 K −1 and 1.135ϫ 10 −5 K −1 , respectively. The crystal structure was modeled using the cubic crystal system and space group Im3. The starting coordinates and lattice parameter for modeling the crystal structure were taken from Kaiser et al.
14 Twentysix and 25 variables were used to fit the neutron powder diffraction data for the two samples, respectively. A shifted Chebyshev polynomial with 12 terms was used to fit the background, four profile parameters were used to fit the peak 11.99 . This suggests that the average scattering factors are slightly different than those used and could have an effect on the results of the refined ADPs since it is highly correlated with the sof. The neutron power diffraction structure refinement results are listed in Table II. The isotropic atomic displacement parameters U iso for various sites, also determined by neutron powder diffraction, are plotted in Fig. 3 as a function of temperature between 10 and 300 K. U iso represents the mean square displacement amplitude of an atom averaged over all directions. The temperature-independent part of U iso is attributed to static disorder, whereas the temperature-dependent part arises from dynamic disorder-vibration of an atom around its equilibrium position. 15 For both samples in Fig. 3 , the Mm sites have much larger U iso than the Fe/Co and Sb sites. If we assume that the rare-earth atoms on the Mm sites rattle as quantized Einstein oscillators, U iso can be written as
where ប is the reduced Planck constant, m the atomic mass, 0 the resonant frequency, and k B the Boltzmann constant. At high temperatures where ប 0 2k B T, Eq. ͑1͒ can be simplified as U iso = k B T / m 0 2 . From the linear slopes of U iso versus T between 150 and 300 K in Fig. 3, we can [16] [17] [18] These results suggest that the average frequency at which rare-earth atoms rattle on the Mm sites of these Mm-filled skutterudites is comparable to those rattling frequencies observed individually for Ce, La, and Yb. This further implies that using multiple rare-earth fillers in an effort to scatter a broader range of lattice phonons and thereby achieve lower lattice thermal conductivity is ineffective. The low temperature intercepts of U iso with the vertical axis in Fig. 3 represent a combination of zero-point vibration and static disorder at the corresponding crystallographic sites. The zero-point vibration is inversely proportional to the mass of the atom, so we would expect that contribution to be MmϽ SbϽ Fe/ Co. This implies that there is some positional disorder associated with the Sb site and more so with the filling atom site. According to the data shown in Fig. 3 11.99 . The ratios of the low temperature U iso intercepts on the Mm sites for the two samples are roughly proportional to their corresponding y͑1− y͒ values, validating that the static lattice disorder on the Mm sites arises between Mm y and ᮀ 1−y , where ᮀ represents a crystallographic void. 10, 19 
B. Electrical resistivity, thermopower, and carrier concentration
The electrical resistivity and thermopower for the first four samples listed in Table I behavior expected from hole-acoustic phonon scattering is illustrated in Fig. 6͑b͒ by a solid line near room temperature. The data shown in Fig. 6͑b͒ imply that holes are less likely to be scattered by only one mechanism. If we assume a mixed ionized impurity and acoustic phonon scattering for holes near room temperature, for a single parabolic band, S and p are given by
where r is the exponent of the energy dependence of the hole mean-free-path, m * the hole effective mass, e the electron charge, = E F / k B T the reduced Fermi energy, E F the Fermi energy, and F x the Fermi integral of order x. For holes scattered by ionized impurities and acoustic phonons, r = 2 and 0, respectively. We use the intermediate value r = 1 for mixed scattering. 20 Room temperature S and p data yield m * between 1.3m e and 4.5m e , where m e is the free electron mass. These effective mass values are much larger than that reported for near the top of the CoSb 3 valence band ͑0.175m e ͒. 21 This indicates that CoSb 3 valence band curvature changes significantly from the top toward deep into the band. Because of these heavy hole masses, the heavily doped p-type skutterudites sustain relative large power factor ͑S 2 / ͒ values. Similar results have been reported in Ce-filled and other filled skutterudites. 1, 10, 22 Recently, spin-fluctuation scattering has been proposed to be a possible carrier scattering mechanism in filled skutterudites. 23, 24 Because of the low spin-fluctuation temperatures ϳ50 K, 23, 24 we do not expect it to be significant near room temperature. The room temperature power factor versus hole concentration is shown in 
C. Thermal conductivity
Thermal conductivity of the four samples between 2 and 300 K is plotted in Fig. 8 . The thermal conductivity of these Mm-filled skutterudites is significantly lower than that of their binary parent compounds CoSb 3 over the entire temperature range. 21 The estimated room temperature lattice thermal conductivities of these samples using the Wiedemann-Franz law are between 1.0 and 1.3 W/m K, comparable to those reported for Ce-and La-filled skutterudites.
10,2 These low lattice thermal conductivity values are attributed to the rattling rare-earth atoms on the Mm sites, as evidenced by their large atomic displacement parameters, that interact with heat carrying lattice phonons, consistent with the large body of literature already developed on filled skutterudites. Figure 9 10 This substantiates that the lattice thermal conductivity of filled skutterudites is also strongly influenced by the static disorder of the occupied and unoccupied voids.
IV. SUMMARY AND CONCLUSIONS
We have studied the effect of Mm filling on the interstitial voids of skutterudites by measuring x-ray and neutron powder diffraction, electrical resistivity, thermopower, Hall effect, and thermal conductivity of a series of Mm y Fe 4−x Co x Sb 12 samples between 2 and 300 K. Mm filling causes larger expansion and unusual distortion of the CoSb 3 lattice compared with single-element-filled skutterudites. Our data reveal that rare-earth atoms on the Mm sites have larger atomic displacement parameters with much stronger temperature dependence than Fe/Co and Sb sites. Mm filling gives rise to both static and dynamic disorder at Mm sites of the crystal structure. While the filled and the unfilled voids give rise to static disorder, dynamic disorder is attributed to thermally induced rattling of rare-earth atoms around their equilibrium positions. The average rattling frequency of rareearth atoms at Mm sites are comparable to those found in single-rare-earth filled skutterudites. The electrical resistivity, thermopower, and thermal conductivity of Mm-filled skutterudites are similar to those Ce-filled skutterudites with comparable compositions, but do not reflect the unusual lattice distortion seen in the diffraction/structural results. The interaction between rattling rare-earth atoms with heat carrying lattice phonons results in low thermal conductivity, and high effective band masses lead to large power factors, which are reminiscent of Ce-filled skutterudites.
